The paper aims at discussing the methodology used to develop loss functions for flood mitigation measures, using historic data of flood damage to infrastructure. The main determinants of the extent of damage are the size of the flood and the length of the infrastructure within the boundaries of the flood-line. In regression analysis, flood peak was used as the independent variable in the Cobb-Douglas functions to depict the relationship between damage and flood peak. The Mfolozi flood-plain in Northern KwaZulu-Natal served as the study area. Loss functions for infrastructure, for ex ante estimation of damage to infrastructure, were developed for inclusion in a flood damage simulation model (FLODSIM) developed by the Department of Agricultural Economics of the University of the Orange Free State in collaboration with the Water Research Commission. Loss functions were determined for spillways, levees, tramlines, public roads, drains and bridges.
Introduction
The aim of this paper is to discuss the methodology used to develop loss functions for infrastructure to determine the potential flood damage to infrastructure (spillways, levees, tramlines, public roads, drains and bridges) before floods occur. Loss functions define the relationship between flood damage and certain characteristics of a flood. Flood damage to infrastructure is assessed as the cost of repairing infrastructure to that of pre-flood conditions. The two most significant factors that determine the extent of flood damage are the size of the flood, in terms of volume of water that flows through the flood-plain, and the length of roads, drains, and other structures, within the boundaries of the flood-line. Cobb-Douglas functions were used to depict the relationship between flood peak and damage to infrastructure. The Mfolozi flood-plain in the coastal region of Northern KwaZulu-Natal was used as a study area. The Mfolozi co-operative bears the cost of repairing spillways, levees and tramlines, as well as public roads, drains and bridges. The cost of repairing private roads, drains and bridges, for which farmers are responsible, was not included in the loss functions for infrastructure presented in this article. The loss functions for infrastructure were included in a flood damage simulation model for irrigation areas in South Africa (FLODSIM) developed by the Department of Agricultural Economics of the University of the Free State in collaboration with the Water Research Commission (Du Plessis et al., 1998) .
The paper commences with background information on the infrastructure found in the Mfolozi flood-plain and the causes of damage to the infrastructure. In the third section the steps that were followed to determine loss functions for infrastructure are given. This is followed by a short discussion of the results obtained. Conclusions are given in the final section of the paper.
Infrastructure in the Mfolozi flood-plain and the causes of damage
The transportation network includes roads, bridges and tramlines. Farmers' houses in higher areas are linked to farms in the floodplain by approximately 70 km of gravel roads. The co-operative is responsible for maintenance and reparation of approximately 34 kilometres of roads. Several bridges, such as the Domoina-, Wilson's Cannal-, 31/2-, Low Level-and Monzi Bridge, are also maintained by the co-operative. A tramline network of 92 kilometres is used for transporting sugar cane to the mill. Annually, the network transports more than 650 000 tons of sugar cane to the mill over an average distance of 16 km (Department of Environmental Affairs, 1986). The marshalling yard lies to the north of the Mfolozi River and it is to be expected that there will be limited damage only in the case of large floods (Bosch and Associates, 1995) .
The water related works include levees, spillways and drains. Levees, with an average height of 3 m, are maintained to prevent inundation caused by the overflow of the banks of the Mfolozi River and the resultant damage to farms. For the area where farms border the river, the whole South Bank and the largest part of the North Bank of the Mfolozi River, have levees. Besides the levees on a large part of the northern bank of the Msunduzi River, there are also the Mavuya and Mokana Banks and the levees on both sides of the Jamp Estate and Wilson's Channel. After the flood, the drainage network facilitates the removal of water from the farms. A drainage network of approximately 115 km drains storm water from farms in the flood-plain to the Mfolozi and Msunduzi Rivers (Department of Environmental Affairs, 1986) . Farmers are responsible for private drains of approximately 32 km, while the remaining 83 km are maintained by the co-operative (De Jager, 1997). There are two spillways carrying surplus floodwater of the Mfolozi River to the Msunduzi River to prevent overflowing of the main bank of the Mfolozi River. The length of the emergency spillway is 120 m. The longest spillway, which was completed after the Domoina flood of 1984, is 1 000 m (Department of Environmental Affairs, 1986). The purpose of the spillway is to channel the floodwater evenly over sugar cane fields in the direction of the Msunduzi River. Furthermore, the spillway also decreases the speed whereby floodwaters flows across the flood-plain and less sand is carried by the water and deposited on low-lying farms. The spillway starts functioning when discharge exceeds approximately 760 m 3 /s, i.e. when the flow of the Mfolozi River reaches the level of the spillway. As the flow increases, a portion of the flow is released over the spillway to the Msunduzi River and onto the flood-plain. The ratio that is diverted becomes greater as * To whom all correspondence should be addressed.
( (051) (Bosch and Associates and Conningarth Consultants, 1991) .
Rivers under flood often carry debris, which lead to blockage of the narrower parts of the rivers and cross-sections under bridges. This often causes severe damage or total destruction to bridges, and can lead to the almost immediate overflow of riverbanks. Furthermore, streamflow velocity gives force to floodwaters, potentially causing erosion of riverbanks (Penning-Rowsell, 1997) . In the Mfolozi flood-plain, as in several other floodprone areas, effective structural flood control measures have led to increased activity in the flood-plain, with a concomitant increase in damage during floods. The extensive transportation system and structural flood control measures in the Mfolozi flood-plain are frequently damaged by debris deposition and floodwaters.
Development of loss functions for infrastructure
Flood damage estimates for drains, levees, roads, tramlines, spillways and bridges for the major floods between 1984 and 1993 are presented in Table 1 . Estimates were based on the actual flood repair cost for floods, which occurred in the past, and were adapted to present conditions (improved levees and spillway) and escalated to 1994 values (Bosch and Associates, 1995) . Damage does not occur until the flood peak exceeds 800 m 3 /s. In part A of Table 2 the respective flood peaks for various return periods as well as the estimated flood damage according to Bosch and Associates (1995) are shown. In part B of Table 2 these values are compared to flood peaks for different return periods (floods with different probabilities of occurrence) that were calculated by the Department of Water Affairs and Forestry (DWAF) for the purposes of this study. The regional maximum flood (RMF) was assumed to be a 1 000-year flood. From the comparison above, it can be seen that the return periods assigned to different flood peaks by Bosch and Associates (1995) and DWAF (Cai and Myburgh, 1998) respectively, were not similar. This implies that the recorded values do not exist for the flood peak values used in the present study. Hence, Available on website http://www.wrc.org.za values for damage to infrastructure for the flood peak values relevant in the present study, had to be calculated from the available data in Table 1 . For each infrastructure category the recorded values in Table 1 were plotted and a trend line (binomial function) was fitted through these points. The trend line was used to estimate the damage values for the relevant flood peaks. The results are presented in Table 3 .
From the estimates in Table 3 , it was possible to calculate the flood damage per metre for all infrastructure categories except bridges. Table 4 gives the length of the infrastructure within the boundaries of the flood lines, which depends on the return period of the flood. The length of levees and spillways remained constant for all return periods as a result of the assumptions that were made in the flood line numerical model (Cai and Myburgh, 1998) .
From the total direct damage in Table 3 and the length of infrastructure in Table 4 , it was possible to calculate the direct damage per metre. Table 5 shows the calculated direct damage per metre for the respective infrastructure categories for different flood peaks.
The main determinants of the extent of flood damage to infrastructure are flood peak and the length of drains, levees, roads, tramlines and spillways in the flood-plain. These relationships can be depicted by loss functions. In regression analysis, flood peak (F) was used as an independent variable in a Cobb-Douglas function to depict the relationship between damage and flood peak. Since damage to drains, levees, roads, tramlines and spillways is influenced by the length of each within the flood-plain, the loss functions of these categories were based on per metre direct damage values in Table 5 . Loss functions of bridges and total infrastructure were based on total direct damage values in Table 3 . Estimated loss functions are presented in Table 6 .
Results
Figure 1 is a graphic representation of the loss functions for different infrastructure categories that depict direct flood damage per metre of infrastructure at different flood peaks. Figure 1 shows that the direct damage per metre to spillways is the greatest. The length of spillways is, however, the shortest. As was indicated in Table 1 , total direct damage to levees is the highest. Figure 2 shows the loss function for total direct damage to infrastructure at different flood peaks.
Conclusion
The well-developed infrastructure in the Mfolozi flood-plain effectively decreases flood damage to sugar cane, especially during smaller floods. This benefit is, however, partially offset by the considerable amount of money that is spent on annual maintenance and repairs after destructive floods. It was found that there is a higher correlation between the extent of flood damage to infrastructure and the size of a flood than between damage to infrastructure and the depth and duration of inundation. With regard to drains, levees, roads, tramlines and spillways, the length of each within the flood-plain was determined for different flood peaks, making it possible to calculate damage per metre. The latter was used to determine the loss functions, which took the 
